Background and Aims The co-occurring of evergreen and deciduous angiosperm trees in Asian tropical dry forests on karst substrates suggests the existence of different water-use strategies among species. In this study it is hypothesized that the co-occurring evergreen and deciduous trees differ in stem hydraulic traits and leaf water relationships, and there will be correlated evolution in drought tolerance between leaves and stems. † Methods A comparison was made of stem hydraulic conductivity, vulnerability curves, wood anatomy, leaf life span, leaf pressure -volume characteristics and photosynthetic capacity of six evergreen and six deciduous tree species co-occurring in a tropical dry karst forest in south-west China. The correlated evolution of leaf and stem traits was examined using both traditional and phylogenetic independent contrasts correlations. † Key Results It was found that the deciduous trees had higher stem hydraulic efficiency, greater hydraulically weighted vessel diameter (D h ) and higher mass-based photosynthetic rate (A m ); while the evergreen species had greater xylem-cavitation resistance, lower leaf turgor-loss point water potential (p 0 ) and higher bulk modulus of elasticity. There were evolutionary correlations between leaf life span and stem hydraulic efficiency, A m , and dry season p 0 . Xylem-cavitation resistance was evolutionarily correlated with stem hydraulic efficiency, D h , as well as dry season p 0 . Both wood density and leaf density were closely correlated with leaf water-stress tolerance and A m . † Conclusions The results reveal the clear distinctions in stem hydraulic traits and leaf water-stress tolerance between the co-occurring evergreen and deciduous angiosperm trees in an Asian dry karst forest. A novel pattern was demonstrated linking leaf longevity with stem hydraulic efficiency and leaf water-stress tolerance. The results show the correlated evolution in drought tolerance between stems and leaves.
INTRODUCTION
Evergreen and deciduous tree species often co-occur in the tropical seasonally dry forests (Reich, 1995; Eamus, 1999) . The deciduous species shed their leaves in the dry season to avoid transpiration, while co-occurring evergreen species need to maintain water transport to their canopy year-round. It has been suggested that the two groups differ in the strategies of carbon gain and water use, with the deciduous trees having greater photosynthetic capacity and higher transpiration demand while the evergreen trees possessing lower photosynthetic capacity but more conservative water use (Chabot and Hicks, 1982; Kikuzawa, 1991; Eamus, 1999) . However, there is no agreement over the differences in stem hydraulic traits between the two groups. Some studies have found that the deciduous trees have greater hydraulic efficiency (Sobrado, 1993; Choat et al., 2005; Chen et al., 2009; Fan et al., 2011; Markesteijn et al., 2011a) , while other studies have found overlapping hydraulic efficiency between the two groups (Brodribb et al., 2002; Ishida et al., 2010) , and Goldstein et al. (1989) even found the evergreen tree species had higher stem hydraulic efficiency.
Xylem embolism (cavitation) occurs when the water potential in the vessels is negative enough to aspirate air into vessels through pit membranes (Zimmerman, 1983; . The vulnerability to xylem embolism is correlated with pit area per conduit and pit structure as well as the dimension of the conduits (Wheeler et al., 2005; Hacke et al., 2006; Choat et al., 2008; Cai and Tyree, 2010; Lens et al., 2011) . Cavitation resistance is particularly important for evergreen species since they need to maintain water transport to the leaves in the driest period of the year. Some studies have found that the evergreen trees have higher cavitation resistance (Choat et al., 2003; Chen et al., 2009; Fan et al., 2011) ; however, overlapping cavitation resistance between evergreen and deciduous trees has also been found (Sobrado, 1997; Markesteijn et al., 2011b) . More comparative studies are needed before a comprehensive conclusion can be drawn on the relationships between leaf habits and stem hydraulic traits.
Leaf life span (LLS) is an important functional trait that differentiates evergreen and deciduous tree species (Chabot and Hicks, 1982; Kikuzawa, 1991) . It is generally correlated with leaf carbon-fixation capacity and plant-growth strategies: the species with a short LLS having high photosynthetic capacity and a fast growth rate and vice versa (Reich et al., 1992; Selaya and Anten, 2010) . More recently, Simonin et al. (2012) found that LLS was negatively correlated with leaf hydraulic conductance across species. However, there is little knowledge about the relationship between LLS and stem hydraulic traits (but see Sobrado, 1993) .
Leaf water status is largely mediated by stem hydraulic characteristics. Across species, there are closely correlations between leaf minimum water potential and both stem hydraulic efficiency and sapwood capacitance (Ackerly, 2004; Scholz et al., 2007; Zhang and Cao, 2009) . When facing water deficit, maintaining a positive leaf turgor is important for stomatal regulation and cell growth (Levitt, 1980; , and leaf turgor maintenance capacity is closely correlated with the drought tolerance of tree species (Lenz et al., 2006; Baltzer et al., 2008) . Plants could maintain their leaf turgor through the accumulation of osmotically active compounds and changing cell wall elasticity (Kozlowski and Pallardy, 2002) . Further, it is important for both leaf and stem to have good water-stress tolerance to maintain function under water deficit; thus there would be co-ordinated development in drought tolerance between leaf and stem across species.
One limitation of using traditional trait correlations to examine the functional trade-offs or correlated evolution is that these correlations may be biased by the potential similarity of closely correlated species (Felsenstein, 1985) . Accounting for the effect of phylogeny can avoid the problem of species non-independence; and the phylogenetic independent contrasts (PICs) can be used to examine correlated evolution between traits among taxa (Felsenstein, 1985; Garland et al., 1992) . Thus, it is important to investigate the functional trade-offs and adaptation of traits in a phylogenetic framework (Maherali et al., 2004; Jacobsen et al., 2007) .
Karst habitats account for 10-15 % of the land in the world and 1/7 of that in China, with an extensive distribution in south-west China (Yuan, 1991; Ford and Williams, 2007) . The karst forests have great plant species diversity and are rich in endemic species (Zhu et al., 2003; Clements et al., 2006) ; however, there is little knowledge about the hydraulic traits of the tree species therein (but see Tognetti et al., 1998; McElrone et al., 2004; Fan et al., 2011) . The karst habitats are characterized by shallow soil and highly porous bedrock that leaves little water-storage capacity for the rooting area; plants therein would suffer from great water deficit, especially in the dry season. The severe water deficit of the karst habitats could put a great selective pressure on the water-use strategies of tree species; hence the co-occurring evergreen and deciduous trees may differ in their stem hydraulic traits and leaf water relationships.
In the present study, we compared the stem hydraulic conductivity, xylem-cavitation resistance, wood anatomy, LLS, leaf pressure-volume characteristics and gas exchange of six evergreen and six deciduous tree species co-occurring in a tropical dry karst forest in south-west China. We hypothesize that different leaf habits represent different water-use strategies that the co-occurring evergreen and deciduous species differ in stem hydraulic traits and leaf water relationships; specifically, the deciduous tree species have higher stem hydraulic efficiency, and the evergreen tree species have greater xylemcavitation resistance and greater water-stress tolerance. We used PICs to test the correlated evolution between LLS and hydraulic traits as well as the evolutionary relationships between leaf water-stress tolerance and stem traits.
MATERIALS AND METHODS

Study site and species
The present study was carried out in a karst forest that was located approx. 3 km from the Xishuangbanna Tropical Botanical Garden (21854 ′ N, 101846 ′ E, 580 m a.s.l.), southern Yunnan, China. This region has a distinct dry season from November to April. According to the climatic record by the Xishuangbanna Station for Tropical Rain Forest Ecosystem Studies at the site close to the present study site, the average annual rainfall in the past 50 years ) is approx. 1500 mm, of which 84 % occurs in the wet season from May to October, and the mean annual temperature is 21 . 8 8C. The soil is a brown calcareous soil with coarse texture and pH of approx. 7 . 3 (Zhang, 2006) . Six evergreen and six deciduous tree species were selected for the present study. They are the main components of the forest in the present study site. The evergreen species are Cleistanthus sumatranus (Euphorbiaceae), Lasiococca comberi (Euphorbiaceae), Celtis philippensis (Ulmaceae), Turpinia pomifera (Staphyleaceae), Alphonsea mollis (Annonaceae) and Pistacia weinmannifolia (Anacardiaceae). The deciduous species are Bauhinia variegata (Fabaceae), Lagerstroemia tomentosa (Lythraceae), Croton yanhuii (Euphorbiaceae), Cipadessa baccifera (Meliaceae), Millettia cubittii (Fabaceae) and Ficus pisocarpa (Moraceae). All the species have diffuseporous wood except P. weinmannifolia which has a ring-porous wood. Ficus pisocarpa sheds leaves at the beginning of the dry season (December). The other five deciduous tree species shed leaves in the middle of dry season (February to March), and then after 1 month or so flush leaves, which become mature in the late dry season (April to early May). All the evergreen tree species flush leaves from March to April except T. pomifera, which flushes leaves in the middle of the wet season (July to August), and P. weinmannifolia, which flushes leaves three or four times every year.
Stem hydraulic conductivity
Stem hydraulic conductivity was measured in the wet season following the method of . Two branches were cut from each of four or five individuals per species early in the morning. Then the cut ends were wrapped with wet tissue paper and put into black plastic bags and immediately taken into the laboratory. Maximum vessel length (MVL, cm) was determined by the air injection method from four to six branches per species (Brodribb and Field, 2000) . Segments longer than the MVL were used for hydraulic conductivity measurement for all the species except C. philippensis, T. pomifera and L. tomentosa, which had MVL of 83 . 7 cm, 119 . 2 cm and 93 . 8 cm, respectively (Supplementary Data Table S2 ). Segments with lengths about 50 cm were used in these three species for hydraulic conductivity measurement owing to the great variations in their shoot morphologies. The hydraulic conductivity of these three species might be somewhat overestimated due to the existence of open vessels. Bark was removed from both ends (about 1 cm) of the segments, and then the segments were connected to a hydraulic conductivity-measurement apparatus which contained a reservoir container and tubes connected to the segments. Since F. pisocarpa produced latex from its bark and pith, this material was removed from both ends of the segments without damaging the sapwood. The gaps in the centre of the segments resulting from removing the pith were filled with rubber clay to stop the flow of latex from the inner part of the pith. A head pressure of about 6 kPa was induced by gravity. A degassed and filtered solution of 10 mmol L 21 oxalic acid was used to prevent the decline in conductivity caused by microbial growth within the vessels 
Stem vulnerability curve
Stem vulnerability curves were measured following the bench drying method . Branches from four or five individuals were bench dried and then were wrapped with plastic bags for 1 -2 h to equilibrate the water potential between leaves and stems. Two leaves from each branch were used to measure the water potential with a pressure chamber (PMS, Corvallis, OR, USA); the average of which was assumed to be the xylem water potential. A segment 15-20 cm long was then cut from the branch and connected to the hydraulic-measurement apparatus to determine the volumetric flow rate (J v ). As K h is proportional to J v through the segment under a fixed pressure gradient, calculation of the percentage loss of hydraulic conductivity (PLC %) was based on J v rather than K h . The initial volumetric flow rate (J i ) of the segment was measured when connected to the hydraulic-measurement apparatus. The segment was then flushed with 10 mmol L 21 oxalic acid solution under 0 . 15 MPa pressure for 15-30 min, and the maximum volumetric flow rate (J max ) was measured. PLC % of the segment was calculated from PLC % ¼ 100 × (J max -J i )/J max . With different time of branch drying, different levels of PLC % were obtained. The vulnerability curves were plotted using PLC % as a function of the xylem water potential and fitted by an exponential sigmoid function (Pammenter and Van der Willigen, 1998) 
where C x is the xylem water potential, a is the maximum slope of the curve and b is xylem water potential at 50 % loss of hydraulic conductivity (P 50 ). P 50 was used to assess the xylem-cavitation resistance of different tree species.
Wood density and xylem anatomy
The segments used for hydraulic conductivity measurement were taken to measure the sapwood density (WD, g cm 23 ) and xylem anatomy characteristics. Bark and pith material was removed from the 4-to 5-cm-long segments, and the water displacement method was used to measure the volume of the fresh sapwood. The sapwood sample was dried out in an oven in 70 8C for 72 h and then the dry mass was measured and used for determination of WD. Segments about 4 -5 cm in length from each of three individuals per species were stored in 1 : 1 (v/v) ethanol and glycerol solutions for anatomical measurements. Traverse sections about 20 mm thick were made with a microtome and the vessel diameters measured under a microscope. At least 30 vessels for each sample were randomly chosen from the latest growth sapwood and the vessel diameter was measured. The hydraulically weighted vessel diameter (D h , mm) was calculated from
1/4 , where N was the number of vessels (Tyree and Zimmermann, 2002) . The number of vessels per square millimetre sapwood area (VN, no. mm
22
) was also measured.
Minimum leaf water potential
In the late dry season of 2008 (19 -21 April), when there were several continuously sunny days, minimum leaf water potentials (C L ) were measured at midday (1200-1400 h). The newly produced leaves were used to determine C L for both evergreen and deciduous species. Two leaves or leafy twigs from each of four to six individuals per species were cut from the trees and sealed in plastic bags and taken into the laboratory. The water potentials were measured in a pressure chamber, and all the measurements were completed within 1 h.
Leaf pressure -volume curve
In the wet season (June to August) and late dry season (April to early May), leaves or leafy twigs were sampled from each of four to six individuals per species early in the morning. In the laboratory the petioles or stems were re-cut under water and inserted in the water for 2 -4 h to get full re-hydration. The leaf pressure -volume curves were measured following the bench drying technique (Turner, 1988) . The leaves or twigs were dried out on the bench, and the water potentials and fresh weights were measured periodically. We stopped measuring when the water potentials stopped decreasing or even increased, and then the leaves or twigs were dried in an oven at 70 8C for 24 h to determine the dry weights. Leaf water potential at turgor-loss point (p 0 ) and osmotic potential at full turgor (p 100 ) were estimated according to the method of Schulte and Hinckley (1985) . The bulk modulus of elasticity (1) was calculated following Lenz et al. (2006) .
Leaf gas exchange measurement
Maximum leaf area-based photosynthetic rate (A a ) and maximum stomatal conductance (g s ) were measured between 0900 h and 1200 h in the wet season of 2008 using a portable photosynthetic gas exchange system (LI-6400; Licor), with ambient CO 2 concentration (about 400 mmol m 22 s 21 ) and photosynthetic photon flux density of 1000 mmol m 22 s 21 provided by the LED light source. Two sunlit leaves from each of three to five individuals per species were chosen. The leaf to air vapour pressure deficit was ,1 . 6 kPa and the average temperature was 29 . 5 8C. Photosynthetic water-use efficiency (WUE, mmol mol 21 ) was calculated from WUE ¼ (A a /g s ).
Leaf structure and nutrients
In the wet season, four or five leaves or leaflets from each of three to five individuals per species were sampled and taken into the laboratory; in the case of P. weinmannifolia, 20 leaflets from each individual were used because of the small size. Leaf area was determined by a leaf area meter, and the leaves were then dried in an oven at 70 8C for 24 h and dry mass was determined. The leaf dry mass per area (LMA, g m
22
) was calculated. Leaf maximum mass-based photosynthetic rate (A m , nmol g 21 s
21
) was calculated from A m ¼ A a /LMA. Leaf thickness (T leaf , mm) was measured using a microscope for two leaves or leaflets from each of three to five individuals per species, and leaf density (r leaf , g cm 23 ) was calculated from r leaf ¼ LMA/T leaf .
The nitrogen and phosphorus concentrations of leaves were analysed by the Biogeochemistry Laboratory of Xishuangbanna Tropical Botanical Garden. The total leaf mass-based nitrogen concentration (N m ) was analysed using a CN elemental analyser (Vario MAX CN; Elementar Analysensysteme GmbH, Germany) and total leaf mass-based phosphorus concentration (P m ) was measured using an inductively coupled plasma atomic-emission spectrometer (IRIS Advantage-ER; Thermo Jarrell Ash Corporation, USA) after the samples were digested with HNO 3 -HClO 4 solutions. Photosynthetic nitrogen use efficiency (PNUE) and phosphorus-use efficiency (PPUE) were calculated as maximum A m divided by N m and P m , respectively.
LLS
For all the deciduous tree species and the two evergreen tree species, A. mollis and P. weinmannifolia, which have LLS shorter or slightly longer than 1 year, the LLS was measured by labelling 30-50 newly produced leaves from three individuals per species in April 2009. The leaf loss number was counted every 4 weeks in the growing season and every 2 weeks in the leaf shedding season. LLS was calculated from the period between leaf produced and leaf lost. For the other four evergreen tree species which had LLS longer than 1 year, the LLS was measured following the method of King (1994) . In April 2009, eight to ten twigs from three individuals per species were labelled, and the leaves on the twigs were marked with a marker pen. The numbers of the attached leaves, newly produced leaves as well as lost leaves were counted in April 2010 and May 2011. The LLS was calculated from LLS ¼ 2N m /(r P + r L ) where N m is the mean attached leaf number on the shoot and r P and r L are the yearly leaf production and loss rate, respectively (King, 1994) .
Construction of the phylogenetic tree
A phylogenetic tree at family level was constructed using PHYLOMATIC, which is based on Angiosperm Phylogeny group III classification of angiosperm (APG III; http:// www.phylodiversity.net/phylomatic/). There were three species from Euphorbiceae (Cleistanthus sumatranus, Croton yanhuii and Lasiococca comberi) in the present study, forming a polytomy. The genus-level phylogeny of this family was constructed by using the ITS, rbcL and matK DNA sequences. The DNA sequences of the species from Croton and Cleistanthus were downloaded from GenBank (http://www.ncbi.nlm.nih.gov/genbank/; Supplementary Data Table S1 ). While the ITS, rbcL and matK DNA sequences of L. comberi were analysed by a DNA Barcoding Project of the Xishuangbanna Tropical Botanical Garden (XQ Ci, XTBG, Yunnan, China, unpubl. res.). The sequences were concatenated and the alignment was calculated with ClustalW included in MEGA 5 . 05 (Tamura et al., 2011) . The phylogenetic tree was constructed using the maximum likelihood method based on the Tamura-Nei model (Tamura and Nei, 1993) . The final phylogenetic tree included all the 12 species (Supplementary Data Fig. S1 ). Equal branch length was assumed in the present study to minimize type I error rates (Ackerly, 2000) .
Statistics and phylogenetic comparative methods
To meet the assumptions of parametric statistics, all the original data were log 10 -transformed prior to analysis. The values of P 50 , p 0,wet , p 100,wet , p 0,dry , p 100,dry and C L were converted from negative to positive for facilitating the log transformation. However, for consistency the data of these traits were presented and interpreted as usual negative values, e.g. more negative P 50 indicated greater cavitation resistance. Differences in the eco-physiological traits between evergreen and deciduous tree species were compared by using independent-samples t-test in SPSS 16 . 0 (SPSS Inc., Chicago, IL, USA). We tested the phylogenetic signal using the K-statistic and a randomization test implemented via PICs (Blomberg et al., 2003) with R package (v2 . 14 . 1, R Development Core Team, 2008) . The Pearson's correlation coefficients between pairs of continuous traits were analysed by using SPSS 16 . 0. The PICs correlation coefficients and the significance levels were determined using CATUS 1 . 13 (Schwilk and Ackerly, 2001 ).
RESULTS
Eco-physiological differences between the evergreen and deciduous trees
There were great variations in the stem and leaf traits across the 12 species. Table S2 ). Xylem water potential at 50 % loss of hydraulic conductivity (P 50 ) varied from -0 . 74 MPa (Millettia cubitti) to 23 . 98 MPa (Pistacia weinmannifolia) among all the 12 species. The slope of the vulnerability curves ranged from 0 . 60 to 1 . 43 among the evergreen species (P. weinmannifolia and C. philippensis) and ranged from 0 . 88 to 3 . 57 among the deciduous species (C. baccifera and Ficus pisocarpa; Supplementary  Data Fig. S2 ). The deciduous tree C. baccifera had the lowest P 50 (22 . 45 MPa; Supplementary Data Table S2 ), the smallest D h (54 . 4 mm) and the largest number of vessels per sapwood area (with VN of 108 . 7 mm 22 ) among the deciduous species (one-way ANOVA followed by the Turkey test). A m ranged from 59 to 152 nmol g 21 s 21 among the evergreen species (C. philippensis and Cleistanthus sumatranus) and ranged from 132 to 291 nmol g 21 s 21 among the deciduous species (Lagerstroemia tomentosa and C. baccifer). LLS varied from 10 . 5 to 37 . 0 months among the evergreen species (P. weinmannifolia and C. sumatranus, respectively) and varied from 5 . 1 to 10 . 9 months among the deciduous species (F. pisocarpa and M. cubittii, respectively). Leaf density (r leaf ) ranged from 0 . 31 g cm 23 (F. pisocarpa) to 0 . 64 g cm
23
(P. weinmannifolia) across the species. Compared with the evergreen species, the deciduous species as a group had significantly higher K S , P 50 , D mv , A m , g s and P m , and higher VI with marginal significance (0 . 05 ≤ P ≤ 0 . 10) ( Table 1 ). The evergreen species as a group had significantly higher LMA, LLS, WUE and r leaf , and higher WD with marginal significance than those of the deciduous species. Compared with the deciduous species, the evergreen species as a group had significantly lower p 100,wet , p 100,dry and p 0,dry , and higher 1 wet and 1 dry than those of the deciduous species. These indicate higher leaf water-stress tolerance in the evergreen trees than the deciduous trees. Both the evergreen species (e.g. C. sumatranus, Lasiococca comberi and C. philippensis) and deciduous species (e.g. Bauhinia variegata, L. tomentosa and Croton yanhuii) tended to lose their leaf turgor in the midday of late dry season because the minimum leaf water potentials of these species were lower than their p 0,dry (Supplementary Table S2 ). However, there were no significant differences in HV, VN, MVL, T leaf , A a , N m , PNUE, PPUE and p 0,wet between the evergreen and deciduous groups. Means of the two phenological groups were compared using independent-samples t-test. P-values ,0 . 05 are shown in boldface. K L , Leaf-specific hydraulic conductivity; K S , sapwood-specific hydraulic conductivity; HV, Huber value; WD, sapwood density; P 50 , xylem water potential at 50 % loss of hydraulic conductivity; D h , hydraulically weighted vessel diameter; VN, vessel numbers per square millimetre sapwood; VI, vulnerability index (D h /VN); MVL, maximum vessel length; LMA, leaf dry mass per area; LLS, leaf life span; T leaf , leaf thickness; r leaf , leaf density; A a , maximum leaf area-based photosynthesis rate; A m , maximum leaf mass-based photosynthetic rate; g s , maximum stomata conductance; WUE, photosynthetic water-use efficiency; N m , leaf mass-based nitrogen content; P m , leaf mass-based phosphorus content; PNUE, photosynthetic nitrogen use efficiency; PPUE, photosynthetic phosphorus-use efficiency; p 0,wet , leaf water potential at turgor-loss point in wet season; p 100,wet , leaf saturate osmotic potential in wet season; 1 wet , bulk modulus of elasticity in wet season; p 0,dry , leaf water potential at turgor-loss point in dry season; p 100,dry , leaf saturate osmotic potential in dry season; 1 dry , bulk modulus of elasticity in dry season; C L , minimum leaf water potential.
Principal component analysis
In the principal component analysis (PCA), the PC axis 1 was loaded by LMA, WD, P 50 , LLS, r leaf and leaf pressurevolume curve deprived parameters on the positive side, and by A m and K S on the negative side (Fig. 1A) . PC axis 2 was loaded by A a , HV, VN, PPUE, PNUE and g s on the positive side, and by D h , VI, N m and P m on the negative side (Fig. 1A) . The evergreen and deciduous tree species can be divided into two groups along the PC axis 1 (Fig. 1B) . The patterns of the phylogenetic PCA were generally consistent with the conventional PCA; however, the PC axis 2 of phylogenetic PCA was loaded by D h and VI on the positive side, and by VN and PPUE on the negative side (Fig. 1C) .
Phylogenetic signal
Most of the eco-physiological traits had weak phylogenetic signal with the Blomberg K values ,1, and no significant signal for these traits was found using the randomization test (Supplementary Data Table S3 ). However, a relatively strong and significant phylogenetic signal was found in VI, VN, D h, P 50 and HV.
Traditional and PICs correlations
The traditional and PICs correlations were mostly consistent in the present study (Supplementary Data Table S4 ). LLS was significantly and negatively correlated with K L , K S , A m and p 0,dry , and positively correlated with WUE by both Pearson's and PICs methods (Fig. 2) . However, no correlation was found between LLS and P 50 by either method. There were significant correlations between P 50 and D h , K S and VN across species; however, when the phylogenetic relationship was taken into account, the magnitude of these correlation coefficients decreased and the correlation between P 50 and VN became insignificant (Fig. 3) . There was significantly positive correlation between P 50 and p 0,dry for both Pearson's and PICs methods. Wood density was significantly correlated with r leaf and leaf water-stress tolerance ( p 100,wet , p 0,wet , p 100,dry , p 0,dry and C L ) by both Pearson's and PICs methods ( Table 2 ). There was significantly negative correlation between WD and P 50 by Pearson's method, and the correlation was insignificant by PICs method. The correlation between WD and A m was insignificant across species; however, it became significant when the phylogeny was taken into account. Leaf density was significantly correlated with P 50 , A m , as well as leaf water-stress tolerance by both Pearson's and PICs methods. 1 . Arrangement of the 28 stem and leaf traits along the first two principal component axes constructed based on (A) species traits means and (C) phylogenetic independent contrasts (PICs). The factor loadings of species along PC axis 1 and axis 2 are shown in (B) . Note that all the original data were log 10 -transformed prior to analysis, and the values of P 50 , p 0,wet , p 100,wet , p 0,dry , p 100,dry and C L were converted from negative to positive values for facilitating the log transformation. The abbreviations for the traits are as in Table 1 .
DISCUSSION
The above results showed that there were clear distinctions in stem hydraulic traits and water-stress tolerance between the evergreen and deciduous trees (Table 1 and Fig. 1B) although the continuous variations across species (Supplementary Data  Table S2 ). The deciduous trees had significantly higher stem hydraulic efficiency while the evergreen trees had greater xylem-cavitation resistance. The results of the present study are consistent with findings of other studies in seasonally dry forests in Venezuela (Sobrado, 1993) , Australia (Choat et al., 2005) and China (Chen et al., 2009) ; however, the results contrast with those of studies from Costa Rica (Brodribb et al., 2002 and Bolivia (Markesteijn et al., 2011b) . The clear distinctions in hydraulic traits of the two groups in the present study could be driven by the severe selection pressure of water deficit due to the long dry season (6 months) and leaking rocky substrate of karst habitat; and thus the cooccurring evergreen and deciduous species use contrasting water-use strategies to adapt to the dry habitat. The evergreen trees had greater xylem-cavitation resistance so that could maintain water transport to leaves under the water-deficit condition in a dry season. The leaves of the evergreen trees also had greater leaf turgor maintenance capacity and higher bulk modulus of elasticity (1) in both wet and 
sapwood specific hydraulic conductivity (K S ), (C) xylem water potential at 50 % loss of hydraulic conductivity (P 50 ), (D) leaf mass-based maximum photosynthesis rate (A m ), (E) photosynthetic water-use efficiency (WUE) and (F) dry season leaf turgor-loss point water potential (P 0,dry ). Note that in each panel the data were plotted on logarithmic scale, and the straight lines describe the logarithmic equations fitted to the species mean values. Pearson correlation coefficients (r) and the significance levels are shown in each panel. Evergreen and deciduous species are distinguished by closed and open symbols, respectively; each species has a different symbol as defined in Fig. 1 . The PICs correlations for each pair of traits and the corresponding correlation coefficients as well as significance levels are shown in the insets. *, P , 0 . 05; **, P , 0 . 01.
dry seasons (Table 1) , which are important for the leaves to be physiologically functional at low water availability (Kozlowski and Pallardy, 2002) . The evergreen trees compensate for their lower stem hydraulic efficiency and photosynthetic capacity by maintaining functioning leaves all year round. There is no significant difference in A a between the evergreen and deciduous species; however, the deciduous species had thinner leaves (lower LMA) and thus significantly higher A m than the evergreen species. These results are consistent with the findings of other studies from tropical dry forests (Goldstein et al., 1989; Choat et al., 2006) . Thus the deciduous trees have higher water transport efficiency and greater photosynthetic rate in the wet season; and their leaves drop in the dry season to avoid excess water loss. The leaf shedding of deciduous tree species may be caused by xylem embolism in the stems (Brodribb et al., 2002; Salleo et al., 2002) or leaves . The present study shows the trade-offs between drought tolerance and both xylem water transport and leaf photosynthetic capacity (Fig.1) . Traits related to water transport (K L , K S ) and photosynthetic capacity (A m , g s , PNUE, PPUE) clustered together on the negative side of PC axis 1, while traits related to drought tolerance (WD, C L , P 50 , LMA, r leaf and leaf pressure -volume-deprived traits) clustered together on the positive site. The evolutionary correlation between stem hydraulic efficiency and leaf gas exchange found in the present study (Fig. 1C) was consistent with the plant hydraulic -photosynthetic co-ordination model (Brodribb et al., 2002; Hao et al., 2011) . Higher water transport efficiency and higher photosynthetic capacity enable plant to have a higher growth rate ), but at the cost of lower drought tolerance (Markesteijn et al., 2011a; Hao et al., 2010) . The divergence of evergreen and deciduous species in the present study was primarily due to their differences in stem hydraulic capacity, photosynthetic traits, and leaf water-stress tolerance (Fig. 1) . Values in boldface are statistically significant. *, P , 0 . 05; **, P , 0 . 01; ***, P , 0 . 001.
The abbreviations for traits are as in Table 1 .
The present study reveals that there is correlated evolution between leaf longevity and stem water-transport capacity ( Fig. 2A, B) . Trees with shorter LLS had higher stem hydraulic efficiency and higher photosynthetic capacity and thus could achieve greater carbon gain in a shorter time. However, there was no significant correlation between LLS and cavitation resistance (Fig. 2C) , indicating that leaf longevity might be determined by the stem hydraulic efficiency rather than safety. Another exception is the evergreen tree P. weinmannifolia, which had LLS ,1 year (10 . 5 months) but had the greatest cavitation resistance among all the species (Supplementary Data Table S2 ). This tree compensates for its short LLS by flushing leaves three or four times during the year, and the high cavitation-resistant stems could assure the water transport to leaves in the driest period of the year. The species with greater LLS also had a lower A m , but higher photosynthetic WUE and greater water-stress tolerance ( Fig. 2D -F) .
Our study showed that stem hydraulic efficiency was evolutionarily correlated with xylem-cavitation resistance (Fig. 3B) , which is consistent with the hydraulic efficiency and safety trade-off hypothesis (Martínez-Vilalta et al., 2002) , but is in contrast to the results of other studies (Maherali et al., 2004; Jacobsen et al., 2007; Fan et al., 2011) . However, the stem hydraulic trade-off found in the present study could not be scaled to whole-plant level, because mechanisms such as sapwood water storage, dynamics of water transport and architectural adjustments may compensate the whole-plant hydraulic safety (Meinzer et al., 2010) . The present study found that the magnitude of correlation coefficients between xylemcavitation resistance and vessel characteristics decreased and even became insignificant when phylogeny was considered, as also found by another study (Jacobsen et al., 2007) . This might be due to the fact that the vessel characteristics had relatively high phylogenetic signal in the present study (Supplementary Data Table S3 ). The correlations between xylem-cavitation resistance and vessel characteristics may be casual, because the xylem-cavitation resistance is more directly determined by the inter-vessel pit properties, such as pit number and pit area per vessel as well as pit structure (Wheeler et al., 2005; Hacke et al., 2006; Choat et al., 2008; Lens et al., 2011) .
We found close correlation between xylem-cavitation resistance and the dry-season leaf turgor-maintenance capacity, by both Pearson's and PICs methods (Fig. 2) , indicating the correlated evolution in drought tolerance between stems and leaves across the evergreen and deciduous tree species. We also found wood density was evolutionarily correlated with leaf water-stress tolerance (Table 2 ). Previous studies showed that species with higher wood density usually had more negative minimum leaf water potential (Ackerly, 2004; Bucci et al., 2004) ; thus, greater leaf water stress tolerance is important for the higher wood density species. The stem -leaf co-ordination in drought tolerance also has been suggested by other studies from dry habitats; e.g. Ishida et al. (2008) found that the wood density was negatively correlated with turgor-loss point water potential among the woody species at the range site in Bonin Island, and Markesteijn et al. (2011b) found a close correlation of xylem-cavitation resistance with leaf dry matter content in a seasonally dry forest in Bolivia. The stem -leaf co-ordination in drought tolerance is highly adaptive in dry habitats, allowing plants to maintain physiological function under water stress.
The present study showed that higher leaf density was evolutionarily correlated with lower photosynthetic capacity and higher leaf water-stress tolerance ( Table 2 ). The negative correlation between r leaf and photosynthetic capacity is likely due to the tendency that higher r leaf leaves have less photosynthetic tissue and a greater gas-phase transfer resistance (Niinemets, 1999) . Leaves with higher r leaf also tend to have higher 1 (Niinemets, 2001) ; and thus have greater capacity to adjust water potential with a small change in water content (Kozlowski and Pallardy, 2002) . Moreover, we found strongly evolutionary correlations between leaf density and both leaf osmotic potential and turgor-loss point water potential (Table 2 ). Higher leaf density enables plants to be more tolerant of water stress at the cost of reduced photosynthetic capacity (Witkowski and Lamont, 1991; Niinemets, 2001; Alvarez-Clare and Kitajima, 2007) . The above findings point to an important application of leaf density as an easily measured and important functional trait for water-stress tolerance and leaf photosynthetic capacity in tropical dry forests.
In conclusion, the co-occurring evergreen and deciduous species of tropical dry karst forest differed in their stem hydraulic traits and leaf water-stress tolerance as well as leaf photosynthetic capacity. The evergreen tree species had higher cavitation resistance and greater leaf water-stress tolerance so that could maintain their stem and leaf function in the dry season, while the deciduous species had greater hydraulic efficiency and higher photosynthetic capacity in the wet season. There was correlated evolution between LLS and xylem water transport capacity, leaf photosynthetic capacity and leaf water-stress tolerance. The strategies for plants to utilize water during drought stress require the correlated evolution among leaf and stem traits. Wood density and leaf density which are important and easily measured functional traits can be used as indicators of water-stress tolerance and leaf photosynthetic capacity in a tropical dry forest. The different hydraulic strategies between the co-occurring evergreen and deciduous trees may contribute to the maintenance of water balance of a dry karst forest ecosystem and, consequently, species co-existence and diversity.
SUPPLEMENTARY DATA
Supplementary data are available online at www.aob.oxford journals.org and consist of the following. Table S1 : DNA sequences used for the phylogeny polytomy resolution within Euphorbiaceae. Table S2 : means of the stem and leaf traits of the six evergreen and six deciduous angiosperm tree species. Table S3 : the phylogenetic signal tests for the ecophysiological traits among the 12 species studied. Table S4 : traditional and phylogenetic independent contrasts (PICs) correlations between the leaf and stem traits. Figure S1 : phylogenetic relationships of the 12 species studied. Figure S2 : stem vulnerability curves for the six evergreen and six deciduous tree species.
